The optical properties of a gold nanorod were investigated by Imura et al. [J. Chem. Phys. 122, 154701 (2005)] using an apertured-type scanning near-field optical microscope (SNOM). The observed transmission image showed an oscillating pattern along the long axis of the nanorod. We obtain the image using the finitedifference time-domain (FDTD) method. Our model includes a nanorod on a glass substrate, a SNOM, and current as a light source. We develop a simple method for including the Drude-Lorentz dispersion relation of Vial et al. [Phys. Rev. B 71, 085416 (2005)] for gold in the FDTD. The oscillating pattern is explained by the total current in the nanorod, tip of the SNOM, and light source.
Introduction
The study of optical phenomena related to the electromagnetic response of metals is growing rapidly and is concerned mostly with controlling optical radiation on the subwavelength scale. Gold nanorods have received considerable attention from the standpoint of electric field enhancement [1] . Imura et al. investigated the optical properties of gold nanorods using an aperture-type scanning near-field optical microscope (SNOM) [2] [3] [4] . The observed transmission images show an oscillating pattern along the long axis of the nanorod. These spatial characteristics were explained by local density of states (LDOS) maps, leading to a fundamental understanding of the images. However, the details of the electromagnetic interaction between the nanorod and the surface of the SNOM tip were not considered in the discussion. A study of the interaction between the nanorod and the SNOM is still needed.
In this paper, we construct a code based on the finitedifference time-domain (FDTD) method [5] [6] [7] . We develop a simple method to include the Drude-Lorentz dispersion relation of gold [8] in the FDTD. We investigate the origin of the oscillating pattern found experimentally.
Model
The Au-coated double-tapered probe used in the experiment [2] [3] [4] is reproduced in our FDTD model, as ilauthor's e-mail: ksawada@shinshu-u.ac.jp lustrated in Fig. 1 . Computational domains of 6.7 × 6.7 × 11.119 µm 3 are divided into 350 × 350 × 451 cells. The lattice space increments are 2-50 nm. The tip of the probe and the nanorod are divided into 2-nm cells. We use the Mür absorbing boundary [5] for the top and bottom boundaries in Fig. 1 and a periodic boundary for the side boundaries to suppress noise from the boundaries. We determine the size of the computational domain to secure a time region in which noise from the boundaries does not affect the cal- culation of the nanorod image, as explained below. The length and diameter of the nanorod are 510 nm and 20 nm, respectively. The aperture diameter of the probe tip used in the experiment is estimated to be in the range of 50-100 nm [2] [3] [4] . In the present model, it is set to 80 nm. The z-axis is defined as the axis of the probe and the x-axis as the long axis of the nanorod.
The wavelength of incident light is 730 nm. The source current is placed within a radius of 40 nm at the tip of the probe (Fig. 2) to produce the light. The source current oscillates parallel to the long axis of the nanorod. As shown in Fig. 3 , the intensity of the current density of the source gradually increases and is saturated within five periods to eliminate the high-frequency component.
The dispersion of gold in the nanorod and the surface of the probe tip is modeled according to the Drude-Lorentz model in Ref. [8] , which is accurate in the wavelength range 500-1000 nm.
For gold, the Maxwell equations solved in the FDTD are
The Drude-Lorentz model is used to calculate the cur- Parameters Values
104.86 Δ 1.09 rent density J or dipole moment P in gold. The absolute permittivity of gold is given as
where the values of the parameters are listed in 
In the present FDTD model, this equation is solved as a set of coupled differential equations,
The differential equation for the Drude model is written as
The dipole moment in Eq. (1) is given as
Using Eqs. (5), (6), (7), and (8), we rewrite Eq. (1) as
We solve Eqs. (2), (5), (6), (7), and (9) to calculate the electromagnetic fields and current density in gold. Figure 4 shows the experimental transmission image of the nanorod obtained by SNOM [2] [3] [4] . The wavelength of the incident light was 729 nm. The transmission was defined as
Results and Discussion
where I and I 0 represent the observed light intensities with and without the nanorod, respectively. The lens and detector were located under a 0.15-mm-thick glass substrate. Linearly polarized light in the x direction was detected with a polarizing filter.
In the calculation, the nanorod is placed at a position where its center is on the axis of the probe and shifted along the direction of the long axis of the nanorod in 50-nm steps. The FDTD calculation is performed for each position of the nanorod.
Examples of the calculated current density in gold are given in Figs. 5 (a) and (b) . The x component of the current density in the x-z plane at the source current peak of 44.44 × 10 −15 s is shown for rod shifts of 0 nm and 50 nm. Plasmons in the nanorod are clearly seen. Figures 6 (a) and  (b) show the x component of the current density in the y-z plane at the same time. The direction of the current density in the probe's surface is opposite to that of the current source.
Because the detector cannot be included in the computational domain, we calculate the intensity I from the current density in the nanorod, probe, and light source as follows: We calculate the total current in the nanorod, probe, and light source, and calculate the squared values of the total current as a function of time,
where j x (t) is the x component of the current density vector. ΔV is the volume of each FDTD cell. The current densities within a radius of 0.8 µm are summed. The current densities outside the radius are negligible, and the resolution of the experimental optical system [2] [3] [4] is estimated to be larger than the radius. Figure 7 shows S (t) for rod shifts of 0 nm and 50 nm. The total current for a 0-nm rod shift is smaller than that for a 50-nm rod shift. The result here is consistent with the image in the central region of Fig. 4 . We calculate the average of the peak values in the steady time region of 40-50 fs in Fig. 7 . This value is expected to be proportional to the experimentally observed light intensity I to a good approximation. Figures 8 (a) and (b) show the calculated x component of the current density in gold at the peak time of 44.03 × 10 −15 s in Fig. 7 for rod shifts of 0 nm and 50 nm, respectively. Figure 9 shows the calculated and experimental trans- 
Conclusion
The experimentally observed oscillating pattern in transmission images along the long axis of a gold nanorod was reproduced by the Drude-Lorentz FDTD method, which includes a nanorod on a glass substrate, a SNOM, and a light source. In the present study, we developed simple methods to include the dispersion of gold and calculate the far-field signal. The experimental oscillating pattern arises from the total current in the nanorod, probe, and light source. The effectiveness of the present modeling for calculating the image of the nanorod by SNOM is confirmed.
